Breastfeeding profoundly shapes the infant gut microbiota, which is critical for early life immune 27 development. However, few breastmilk-dependent microbial metabolites mediating host-microbiota 28 interactions are currently known. We here demonstrate that breastmilk-promoted Bifidobacterium 29 species convert aromatic amino acids (tryptophan, phenylalanine and tyrosine) into their respective 30 aromatic lactic acids (indolelactate, phenyllactate and 4-hydroxyphenyllactate) via a previously 31 unrecognised aromatic lactate dehydrogenase. By longitudinal profiling of the gut microbiota 32 composition and metabolome of stool samples of infants obtained from birth until 6 months of age, 33 we show that stool concentrations of aromatic lactic acids is determined by the abundance of human 34 milk oligosaccharide degrading Bifidobacterium species containing the aromatic lactate 35 dehydrogenase. Finally, we demonstrate that stool concentrations of Bifidobacterium-derived 36 indolelactate are associated with the capacity of infant stool samples to activate the aryl 37 hydrocarbon receptor, a receptor important for maintenance of intestinal homeostasis and immune 38 system development. These findings open up new directions towards understanding the role of 39 breastmilk-promoted Bifidobacterium in mediating host-microbiota interactions in early life. 40 INTRODUCTION 41
217
Bifidobacterium species govern aromatic lactic acid profiles during early infancy 218 To study the dynamics of Bifidobacterium species establishment and aromatic lactic acids in 219 infants, we established the Copenhagen Infant Gut (CIG) cohort including 25 healthy breast-or 220 mixed fed infants, which were sampled every 2-4 weeks from birth until the age of 6 months 221 (Supplementary Data 2a) for microbiome profiling and targeted metabolite quantification 222 including aromatic lactic acids ( Supplementary Fig. 11 and Supplementary Fig. 11a Shannon diversity did not change dramatically during the six months ( Supplementary Fig. 11b ).
234
However, the subject specific gut microbiota profiles revealed a highly individual species 235 composition (Supplementary Fig. 11c ) and 48% of the variation in community structure was 236 explained by subject (weighted UniFrac, r 2 = 0.48, p < 0.001, Adonis, Supplementary Fig. 12a,b) . 237 Indeed, the difference in microbial community structure between faecal samples were primarily Bifidobacterium species (B. longum, B. bifidum, B. breve, B . catenulatum group and B. dentium) 242 ( Fig. 3b and Supplementary Fig. 12c-h) . Community abundance of B. longum, B. bifidum and B. 243 breve, but not B. catenulatum group and B. dentium (Fig. 3b ) matched the measured faecal 244 concentrations of aromatic lactic acids ( Fig. 3c) and B. scardovii) from birth to around 6 months of age ( Fig. 3d, upper Mann-Whitney U test) ( Supplementary Fig. 12i-j) . Using solely samples from breastfed infants, 251 faecal abundances of HMO residuals showed a progressive decline with age, concurrent with the 252 progressive increase in infant type Bifidobacterium species ( Fig. 3d , lower panels). By repeated 253 measure correlation analyses 28 (Supplementary Fig. 13 ) and partial Spearman's Rank correlation 254 analyses 29 adjusted for age, we confirmed that the abundance of infant type Bifidobacterium species 255 were positively associated with faecal levels of ILA, PLA and 4-OH-PLA and negatively associated 256 with abundances of HMOs in faeces ( Fig. 3e ). Both subspecies of B. longum were associated with 257 the aromatic lactic acids, but mainly B. longum subsp. infantis was associated with the HMO 258 residuals in faeces ( Fig. 3e) . We have thus established a link between breastfeeding, degradation of 259 HMOs, abundance of specific infant type Bifidobacterium spp. and concentrations of aromatic lactic 260 acids in early infancy.
261
Examination of the Bifidobacterium and aromatic lactic acid dynamics in each of the 25 infants 262 during the first 6 months of life ( Fig. 3f-h and Supplementary Fig. 14-15 ) revealed that breastfed 263 infants early colonised by infant type Bifidobacterium species consistently showed high 264 concentrations of aromatic lactic acids in faeces ( Fig. 3f and Supplementary Fig. 15a,b) . In 265 contrast, infants with delayed infant type Bifidobacterium species colonization showed considerably 266 lower concentrations of the aromatic lactic acids, in particular of ILA, despite breastfeeding ( Fig.   267 3g and Supplementary Fig. 15c ). Among the latter, CIG08 and CIG09 were twins, born late 268 preterm, and dominated by an OTU assigned to Clostridium neonatale (Supplementary Fig. 11c 269 and Supplementary Data 2b) in accordance with previous reports on C. neonatale overgrowth 30 270 and delayed Bifidobacterium colonization 31-34 in preterm infants. CIG07 who also showed delayed 271 colonization with infant type Bifidobacterium, was mixed fed throughout the whole period and 272 predominantly colonised with E. coli and Clostridium spp. (Supplementary Fig. 11c ). CIG18 had 273 relatively low faecal concentrations of aromatic lactic acids until age 172 days, when B. breve 274 replaced B. dentium (Fig. 3g) , consistent with the fact that B. dentium lacks the aldh gene while B.
275
breve contains it ( Fig. 2a,b) . Finally, in the three infants treated with antibiotics during our study,
276
Bifidobacterium species abundance were temporarily decreased simultaneously with reduced 277 concentrations of the aromatic lactic acids (Fig. 3h ). This indicates that bifidobacterial aromatic 278 lactic acid production is compromised by pre-term delivery, exposure to antibiotics and formula 279 supplementation. in Supplementary Fig. 15 .
309
See Supplementary Fig 11-15 310 Indolelactic acid is a relevant early life AhR agonist 311 The tryptophan-derived metabolite ILA was the most abundant aromatic lactic acid, as well as the 312 most abundant tryptophan catabolite measured in the faeces of infants at 0-6 months 313 ( Supplementary Table 2 ) and 9 months of age ( Fig. 1d) AhR reporter gene cell lines (Supplementary Fig. 16 ). Notably, ILA was more potent in the human 318 AhR compared to the rat AhR assay (Supplementary Fig. 16 ). To investigate the relationship 319 between gut microbiota, aromatic amino acid metabolites and AhR signalling, the AhR activity 320 induced by sterile-filtered faecal water from selected CIG infants ( Fig. 3f-h) was associated to the 321 most abundant bacterial taxa and all quantified aromatic amino acid metabolites (n=20) in the same 322 samples ( Fig. 4a ).This revealed that particularly the infant type Bifidobacterium spp. were 323 positively associated with AhR activity ( Fig. 4b & Supplementary Fig. 17a) . B. dentium also 324 correlated positively with AhR activity despite the absence of an aldh gene in this species (Fig. 4a) , 325 which might be due to its association to the AhR agonist IAld (Fig. 1e) , showing similar AhR 326 reporter activity as ILA (Supplementary Fig. 16a) . Of all the aromatic amino acid metabolites 327 measured, only faecal concentrations of three known AhR agonists indoleacetic acid (IAA), IAld 328 and in particular ILA were significantly associated with AhR activity (Fig. 4a,c Fig. 17b ). Temporal development in AhR activity was assessed in the CIG samples, and 330 stratification of infants into those colonised early ( Fig. 3f) and late ( Fig. 3g) with infant type 331 Bifidobacterium spp. revealed a higher AhR activity of the faecal water of early colonised infants 332 ( Fig. 4d-e) . These data show that ILA, produced by Bifidobacterium spp. of the infant gut, is a 333 highly relevant AhR agonist in early life. 340 infants ( Fig. 3f-h, n=11) 
363
The infant type Bifidobacterium species are adapted to breastfeeding by their HMO-transport and 364 degradation genes, which provide them with a colonization advantage in infant gut [39] [40] [41] [42] [43] . Unlike 365 HMO-utilization genes, the aldh gene appeared not to be important for bifidobacterial proliferation 366 since disruption of the aldh gene did not compromise growth. However, acquisition of aldh genes in 367 breastmilk-promoted Bifidobacterium species may provide an evolutionary advantage to the host.
368
Here, our data suggest that the production of the AhR agonist ILA by breastmilk-promoted 369 Bifidobacterium is a key determinant of AhR-dependent signalling in the gut during infancy. 
404

METHODS
405
Human study populations and metadata 406 SKOT cohort 407 The discovery cohort consisted of a random subset of 59 healthy infants of the observational SKOT 408 I cohort 19 . These infants were originally recruited from Copenhagen and Frederiksberg by random 409 selection from the National Danish Civil Registry 63 . Inclusion criteria were single birth and full 410 term delivery, absence of chronic illness and age of 9 months ± 2 weeks at inclusion. Mode of 411 delivery, gender, age at sampling, use of medication, breast-and formula feeding prevalence as well 412 as exclusive and total breastfeeding duration and age of introduction to solid foods was recorded by 413 parental questionnaires (Supplementary Data 1a,b) . Anthropometrics, full dietary assessment and 414 other relevant metadata have been published previously 3,64 . Faecal samples were obtained at 9 415 months ± 2 weeks of age and were stored at -80°C until DNA extraction, as described previously 3 .
416
Urine samples were collected by the use of cotton balls placed in the infants' disposable nappies 417 from which the urine was squeezed into a sterile tube and stored at -80°C. In case of faeces in the 418 nappy, the urine sample was discarded. The study protocol was approved by the Committees on analyzed separately. Briefly, they were de-multiplexed according to barcode and trimmed as 450 previously described 65, 66 in CLC Genomic Workbench (v8.5. CLCbio, Qiagen, Aarhus, DK) . representing 97.5% of total community (Supplementary Data 2b & Supplementary Fig. 11) . 462 Based on PyNAST alignment of representative OTU sequences from each cohort separately, a 463 phylogenetic tree was created with FastTree, as described previously 66 . Alpha diversity (Shannon Data 1f and 2c) . OTUs were collapsed 475 into Bifidobacterium species (B. longum, B. bifidum, B. breve Data 1f and 2c) . 
535
In addition, the type 4 LDH amino acid sequence (translated from the type 4 ldh nucleotide 536 sequence) of B. longum subsp. longum 105-A was aligned (gap cost 10, gap extension cost 1) with 537
